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ABSTRACT
On the Tychy Brewery site a set of 6 tanks of the diameter varying from 5.4 m to 17 m was designed. The tanks are elements of Sewage
Treatment Plant. Due to unfavourable soil conditions (plastic clay) the tanks were founded on 15 m long CFA piles with the diameter of 400 and
600 mm. In order to save construction costs piled raft foundation system was proposed. Based on the analysis and respective calculations it was
assumed that raft foundations, founded of gravel fill under each tank, would bear up to 20 % to 30% of total load. The assumption allowed
shortening of all piles about 3 m minimum. The loading test of 3 piles showed that approximately 80 % of total load is transferred by piles into
the subsoil. In order to confirm the assumptions assumed and to measure real settlement of tanks, loading tests of all tanks were carried out by
means of its gradual water filling. The comparison of the results of tank settlement measurements and respective calculations showed good
agreement between calculated and measured values. The latter did not exceed permissible settlements assumed for this type of constructions and
installations. In the paper soil conditions, calculations, solution of tanks foundation, field tests and results obtained are described.

INTRODUCTION
Calculations and a design of slab foundations on piles should
possibly well reflect the factual work of such constructions for
given soil and load conditions. Recently, in Poland numerous
research works have been carried out for the elaboration of the
calculation principles for such foundations, which include the
interaction of a slab and a soil in the transmission of loads. The
calculation method considered should allow the optimal and safe
design of pile foundation with the special attention the values and
distribution of forces in piles, bending moments, slab strains as
well as foundation settlements. Main factor influencing these values
is non-uniform deformation of a subsoil due to alternate soil
conditions under foundation as well as pile flexibility due to the
character of its work in group. The largest influence on calculation
results has then the correct assessment of pile group settlement and
mutual interaction of a slab and piles. Thus, the calculation process
should include all relations between pile and slab settlements and
distribution of forces in piles and bending moments in the
foundation slab. In the paper an engineering approach for the
calculation of piled raft foundations including non-uniform
settlements of piles, slab and structure rigidity, and pile-soil
interaction is presented; see Tejchman and Słabek (2000),
Tejchman et al., (2002). The method was verified by the
measurements of displacements of existing foundation.
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CHARACTERISTICS OF ANALYSED STRUCTURES AND
DESIGN ASSUMPTIONS
The detailed analysis was made for two of totally eleven structures
creating Primary Sewage-Treatment Plant Complex of Tychy
Brewery. Two structures considered are the following: so called
emergency tank - structure No. 2 and final cleaning tank – structure
No. 6. Remaining structures are: technological house – No. 1,
buffer tank – No. 3, recycling tank – No. 4, reactor – No. 5,
desulfurization station – No. 7, bio-gas tank – No. 8, pumping
centre – No. 9, bio-gas torch – No. 10, condensate well – No. 11.
General layout of the site analysed is shown in Fig. 1. All the
structures were founded on φ400 and φ600 CFA piles of various
lengths from 8.5 m to 12.0 m depending on the given loads and soil
conditions. Averaged soil profile and CPT test results of the subsoil
near tanks No. 2 and 6 are presented in Fig. 2a and Fig. 2b.
The layouts of piles for structures Nos. 2 and 6 are shown in Fig. 3
In the case of almost all foundations (excluding technological
house) the piles were capped by 0.3÷0.5 m thick foundation slab
resting on the 0.3 m thick levelling layer built of 4 ÷ 31 mm
dolomite key aggregate which was compacted to the ID = 0.6. In the
case of structure No. 1 the piles were connected by the reinforced
concrete raft. The structures Nos. 2, 3, 4, 5, and 6 were designed
including soil-piles interaction.

1

Fig. 1 General layout of the Primary Sewage-Treatment Plant Complex

Fig. 2a Averaged soil profile of the subsoil near tanks No. 2 and 6
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Fig. 2b CPT test resuls.
The slab-soil interaction was taken into account by designing the
piles for lower safety factors what resulted in 3 m decrease of the
pile length with respect to the foundation on the pile group without
contribution of the slab.
Such assumption is with accordance to the design of piled raft
foundations based on creep piling concept, (Randolph, 1994), in
which the piles are designed for working loads at which, in turn,
pile creeping initiates what mostly corresponds to 70% ÷ 80% of
ultimate bearing capacity. The rest of load is transmitted by the slab
on the soil between piles. The correctness of the assumption was
confirmed by the results of load tests carried out on φ600 piles
under structures Nos. 2 and 6, see Fig. 4. The bearing capacities
obtained from load tests are equal to 60%÷70% of its calculated
ultimate bearing capacity. The rest of the load was planned to be
transmitted by the slab through the contact with the subsoil
between piles.
The appropriate soil-slab interaction was achieved in terms of
dolomite key aggregate layer which was put after removal of the
tops of piles to the designed foundation layer.

account piles’ spacing grid, (Fig. 5 ). In order to model the
response of piles for such foundation the elastic supports with Kzp
rigidity in the grid nodes are assumed whereas the areas between
piles are modelled by elastic subsoil with kzg rigidity. Such static
scheme is to simulate the interaction between slab, piles and the
subsoil.

DESCRIPTION OF CALCULATION METHOD
Due to simplifications and calculation time the method presented
can be applied for the design of the constructions founded on the
slab or piled raft foundation. The displacements and internal forces
of the structures founded on such foundations can be calculated
using numerical codes for static analysis of slabs and rafts resting
on elastic subsoil. In the calculations, direct interaction of the slab
and the subsoil is considered. As it was mentioned before the
method takes into account the non-uniformity of the settlements of
piles in group, subsoil response as well as the rigidity of slab and
structure. In the method one-parametric, modified Winkler’s model
on the elastic supports is assumed. The model includes the
response of the soil between piles under the slab. The slab resting
on elastic subsoil is divided into smaller slab elements taking into
Paper No 1.51

Fig. 3 Layout of piles in foundation. a) structure
b) structure No. 6.
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Basic calculation problem in this case are characteristics of elastic
piling and subsoil supports, Kzp and kzp, respectively. Pile axial
rigidity for piles in the group can be determined based on the
calculations of piles in terms of either the influence coefficients
method (Poulos and Davis, 1980), Gwizdała and Dyka (2002) or
one of the theoretical approaches e.g. Chow, (1986). The axial
rigidity of piling support can be calculated from the following
formula:
Q pi
,
K zp =
(1)
s pi
where:
Qpi – load of i-th pile,
spi – settlement of i-th pile in the group.
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The correction of the calculations or calibration of the parameters
assumed by back-analysis can be made using the results of load
tests.
Axial rigidity of the subsoil between piles can be also determined
based on the calculation of subsoil settlements induced by loads
from shallow flexible foundation, according to the formula:
q gj
(2)
,
k zg =
s gj
where:
qj – load applied for j-th elementary foundation,
sj – settlement of the subsoil under j-th elementary foundation
including the neighbouring slab elements.
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Np - measured bearing capacity of the pile [kN] acc. to PPC [2, 7]
Ng - ultimate bearing capacity of the pile [kN] acc. to PPC [2, 7]

Fig. 4 Load test results

For layered subsoil with irregular arrangement of soil layers the
soil mass interacting with foundation is analysed. The soil mass, H
= Zmax thick is determined according to the Polish Code PN-81/B03020 requirements, where Zmax corresponds to the depth at which
the additional vertical stress is less then 30% of the primary stress
(σzd 0.3σzγ). Calculation procedure based on static analysis and the
methods for a determination of pile and subsoil settlements is
schematically shown in Fig. 6.
CALCULATION SETTLEMENTS ACCORDING TO THE
PROPOSED METHOD

Fig. 5 Calculation scheme of foundation-subsoil system
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Static calculations of foundation slab resting on piles for structures
2 and 6 have been made by finite elements method using numerical
code named Robot and two iteration steps. Kzp and kzg rigidities of
elastic supports representing piles and subsoil, respectively were
determined according to the algorithm shown in Fig. 6. As first
approach, the rigidities of pilling supports were determined based
on the calculation of pile settlements by influence coefficients
method; Gwizdała and Dyka, 2002. In the analysis non-linear
characteristics of load-settlement relation for a single pile and
interaction between piles in the group were taken into account. The
calculations were carried out for loads which were assumed to be
equivalent to 80% of total load acting on the foundation. At this
calculation stage, the distribution of settlements did not include
slab rigidity but was the result of location of the pile in the group,
only so the settlement values were equivalent to the settlements of
pile group itself.

4

Fig. 6 Calculation algorithm for the analysis of piled raft foundation

Slab rigidity, which partially compensates the settlements of piles
what results in the change of the rigidity of elastic supports, is
included in the static calculations of the slab with piles on elastic
subsoil. Having the results of static load tests the correction of the
flexibility of elastic supports corresponding to real soil conditions
can be made. The load test results for two piles were included in
the calculations of whole foundations in the FEM numerical code.
Rigidity of the subsoil between piles was determined based on
the settlements of shallow foundation, according to Eq. (2).
According to the Polish Standard, the settlements of the subsoil
were calculated in terms of classical, one-dimensional method for
irregular system of layers and total thickness H = Zmax. Due to high
ratio of slab diameter to its thickness (13 m and 17 m to 0.5 m)
flexible foundation slabs have been assumed. The foundations of
structures Nos. 2 and 6 were divided into 45 and 69 elements,
respectively. In the division process such factors as slab geometry,
localisation and magnitude of loads and soil conditions were
considered. The soil elastic constant kzg was calculated for uniform
load q = 30 kPa what corresponds to 20% of total load acting on
the foundation. The rigidities of pile and soil supports were
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differentiated due to non-uniform settlement of the elementary
foundations (side foundation elements settle less than those located
near the middle of the slab).
The results of calculations have been presented in terms of the
distributions of pile forces, internal forces in the foundation slab
(bending moments and shear forces) as well as displacements of
piles and slab. Calculated total settlements for slabs are shown in
Figs. 7 and 8. Calculated values were next compared to the
measured settlements of the foundations.
Besides calculated quantities described above, the distribution of
forces between piles and slab was also assessed. Although, the
distribution can not be directly compared with the measurements,
however allows the verification of the assumptions. The percentage
contribution of piles and slab in the transmission of loads into the
subsoil for structures analysed is schematically presented in Fig. 9.
In both cases essential part of loads (78% and 65% for structures
Nos. 2 and 6, respectively) are transmitted by piles. Somewhat
larger load comparing to the assumed value is transmitted by the
slab in structure No. 6 (35%, approximately). Larger contribution
of the slab caused smaller forces acting on piles but larger internal
forces in the slab, itself. Average load on single pile decreased

5

around 10%. Assumed division of loads enabled to properly
determine the distribution of moments in the foundation slabs and
in turn safe design of its reinforcement.

3, 4, 5 and 6 as well in the cap of the structure No. 1. Totally, 40
benchmarks were being observed. Each monitored foundation slab
contained 6 benchmarks evenly distributed along its perimeter.
-contribution of piles
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Fig. 9 Calculated contribution of the piles and slab in the
transmission of loads into the subsoil

Fig. 7 Calculated settlements. Structure No. 2.

The observations of foundation settlements were performed during
leak proof tests of the tanks. The tanks were gradually filled with
water in subsequent steps so as to have always the load increment
equal to one quarter of the tank’s total volume. After each step the
measurements for all benchmarks of the filled tank were taken as
well as for some benchmarks installed in neighboring structures.
The measured values of the settlements for subsequent loads
applied, periods of its generation and final settlements are collated
in Table 1. The measured values correspond to average values of
settlements, calculated for all benchmarks installed in particular
structure due to maximum load and after unloading.
Table 1. The measured settlements of the structures. Averaged
values of 6 benchmarks

Fig. 8 Calculated settlements. Structure No. 6.
COMPARISON OF CALCULATED AND OBSERVED
SETTLEMENTS
Survey measurements of deformations were carried out for the
benchmarks installed in foundation slabs of the structures Nos. 2,
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No.
of structure

Period of
observations

Averaged
settlement for
maximum load
in [mm]

2
3
4
5
6

29.11÷13.12.02
13-23.12.02
22-29.11.02
9-20.11.02
28.01÷06.02.03

15.8
26.0
4.5
38.8
13.0

Averaged
settlement
after
unloading
in [mm]
13.3
–
4.0
37.5
10.0

The values of observed maximum settlements from Table 1 were
next compared with displacements obtained from numerical
analysis. The comparison regarded average settlements of all
benchmarks and calculated settlements of corresponding perimeter
parts of foundation slabs (see, appropriate isolines in Figs. 7 and
8). The middle parts of the slabs have been excluded from the
comparative analysis because there were no measurements taken
there. Note, that the calculations were made for the same loading

6

steps which corresponded to gradual filling of the tanks with water
what enabled the comparison of observed and calculated
displacements for whole range of loads applied. The comparison
for two foundations slabs is presented in Figs. 10 and 11,
respectively.
It can be seen that measured and calculated final settlements do not
differ too much. Somewhat greater differences are observed in the
initial loading stage what most likely results from the fact that the
benchmarks have been installed after execution of foundation slab
(structure No. 6) and from partial assembling of the tank (structure
No. 2). Other factor influencing calculated settlements is strain
modulus which has been assumed as constant value whereas it is
load dependent. Such dependence will be included in next
calculation series. Largest calculated settlements, which occurred
in the middle part of foundation slab varied from 18 to 20 mm and
from 20 to 24.6 mm for structures Nos. 2 and 6, respectively.

SUMMARY
The procedure of the assessment of settlements for piling
foundations, which takes into account the interaction between piles,
piling cap and the subsoil is presented. The procedure is based on
the easily accessible numerical codes for static spatial analysis of
the constructions. The comparison of observed and calculated
values of settlements in terms of described method is satisfactory.
The method enables the determination of internal forces as well as
takes into account non-uniformity of the settlements of both: piles
working in the group and the subsoil. Such non-uniformity may
cause essential increase of bending moments and internal stresses
in the foundation slab. The disadvantage of the method is relatively
large amount of work for data preparation as well as two different
numerical codes assumed for the determination of the pile and
subsoil rigidities.

15
load x 10 [%]
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Fig. 10 Comparison of calculated and observed settlements of
the foundation slab for structure No. 2.
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Fig. 11 Comparison of calculated and observed settlements of
the foundation slab for structure No. 6.
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